The Linum thracicum ssp. thracicum cell lines developed in this study are a feasible source for the sustainable production of podophyllotoxin, a lignan with an aryltetralin skeleton that is used for the manufacture of the chemotherapeutic drugs etopophos and teniposide. We used mass spectrometry to confirm the presence of the aryltetralin lignan in the thracian flax cell cultures. Next, we explored how changes in the culture medium influenced the podophyllotoxin content. Out of six developed cell lines, four were selected for further experiments and challenged with elicitors. The selected cell lines clustered into two groups: developed in full strength medium (Li) vs developed in half strength medium (HS). While podophyllotoxin production in the Li cell lines was boosted by 80% upon administration of the elicitor methyl jasmonate, the HS lines produced high amounts of the target metabolite triggered by reduced concentration of nutrients and were only slightly influenced by the elicitor.
Interest in the sustainable production of phytopharmaceuticals stems from the fact that cytotoxic metabolites such as podophyllotoxin (currently the only lignan structure derivatized into the drugs etopophos and teniposide used to treat human malignancies [1] ) are optically active and are extracted exclusively from plants. However, the biotechnological production of podophyllotoxin is far from on an industrial scale. A number of species that can synthesize podophyllotoxin, including Podophyllum hexandrum, P. peltatum, Linum album and L. linearifolium have been introduced for aseptic growth. Different strategies have been applied to stimulate enhanced production, like selecting high producing cell lines, introducing genetic modifications and applying elicitors [2] [3] [4] [5] [6] .
Challenging plant cell cultures with agents that mimic environmental insults is a successful strategy for the increased deposition of bioactive molecules. Since their production is of high metabolic cost to the plant, the biosynthetic machinery may be present, but not always active [7, 8] .Two of the pathways that are inducible upon attack involve the jasmonate and salicylic acid signaling cascade. Methyl jasmonate (MJ) is a secondary messenger that activates plant defense upon herbivorous feeding and bacterial infestation, while salicylic acid (SA) is responsible for modulating systemic acquired resistance and resistance towards biotrophic pathogens [9] . While the two messengers are endogenous phytohormones, they are also exogenously applied to stimulate secondary metabolites production in vitro [7] .
Here, we deliver the first in-depth study of aseptically cultivated Linum thracicum ssp. thracicum elicited with MJ and SA. We explored the potential of thracian flax to produce the lignan podophyllotoxin in vitro and used mass spectrometry to confirm its presence. A two-factorial experiment was designed to study the performance of the in vitro cultures in different mediums. The bestperforming cell lines were selected and further challenged with the elicitors MJ and SA. At all stages of the experiment we monitored the podophyllotoxin content via quantitative HPLC analysis. Seven aryltetralin lignan structures ( Figure 1) were identified in the cell cultures of L. thracicum ssp. thracicum using LC-ESI-MS/MS detection in the positive ion mode. Figure 2 shows the total ion chromatogram (TIC) and extracted ion chromatograms for different channels. Many plants grown in vitro have unstable production of secondary metabolites. Changes in the composition and the yield of the target metabolites, as well as lack of knowledge about the biosynthetic pathways, are considered major obstacles for plant cell and tissue commercialization [10] [11] [12] . Our previous work indicated that the aseptic cultivation of thracian flax changed the biosynthetic capacity of the species. The calli accumulated predominantly 6-methoxypodophyllotoxin, but transferring the cells into a liquid medium increased the ratio of podophyllotoxin to 6-methoxypodophyllotoxin by aging the culture [13] .
In the present work, we utilized the observed cell culture variability to increase the podophyllotoxin production via changes in the medium. We designed a two-factorial experiment where the sucrose (20 g/L, 30 g/L and 50 g/L) and salt base (Li, full strength vs. HS, half strength) in the growth medium vary. Previously established cell line Li-30 was used for the inoculation.
Six months after the experiment started, we evaluated the biosynthetic potential of the cell lines and set [podophyllotoxin] > 0.5 mg/g DW as a threshold value for the cell line selection. Fifty g/L sucrose was not beneficial for the target metabolite production, while the cell lines developed in a low sugar environment produced podophyllotoxin in amounts that were above the threshold value Data are mean±SD. Statistical analysis at P<0.05 ( a ), P<0.01 ( b ), P<0.001 ( c ). Li-20 and Li-50, medium Li containing 20 g/L and 50 g/L sucrose, respectively; HS-20, HS-30 and HS-50, half strength medium Li containing 20 g/L, 30 g/L and 50 g/L sucrose, respectively.
( Table 1 ). The content of podophyllotoxin in the mother cell line Li-30 was 0.8 mg/g DW and 1.1 mg/g DW at the start and at the end of this six months period, respectively.
To identify the window for elicitor application, we constructed growth curves based on the dynamics of podophyllotoxin accumulation, the cell growth rate and the pH of the selected cell lines ( Table 2 ). The production of podophyllotoxin varied not only between the cell lines, but also within the subculture cycle. The content of this lignan was inversely connected with biomass accumulation: Li-20, the fastest growing, produced low podophyllotoxin amount, while the high-producing HS-20 had a negligible growth rate ( Table 2 ). Since many secondary metabolites are accumulated when the nutrients in the medium are depleted [10, 14] , the HS mediums favored high podophyllotoxin production, peaking early at day six. On the other hand, the cell lines developed in the full strength mediums needed 12 days to reach similar production levels (Table 2 ). Challenging the thracian flax cells with MJ, but not with SA accounted for a further increase in podophyllotoxin biosynthesis. We applied the two routinely used elicitors in 50 µM and 100 µM concentrations and followed the effect for 24 and 72 hours. Because MJ and SA are soluble in ethanol, we tested for a possible elicitorlike effect of the alcohol itself. The data showed that there was no significant change; however, for statistical purposes we selected the ethanol-treated samples as controls. We administered the elicitors separately, as they are also plant hormones that act antagonistically and control distinct defense pathways [8] .
Fifty µM MJ boosted podophyllotoxin production by 70-80% in the Li cell lines and the observed effect was irrespective of the Methyl jasmonate induces enhanced podophyllotoxin production Natural Product Communications Vol. 10 (7) 2015 1227 treatment duration ( Figure 3A and 3B) . A two-fold higher MJ concentration was needed to stimulate a 20-25% increase in the high-producing HS cell lines, while the lower concentration provoked a reduction in podophyllotoxin content in the first 24 hours ( Figure 3C and 3D ).
SA triggered a negative response: not only the elicitor failed to stimulate podophyllotoxin production, but a longer treatment period was associated with browning of the cultures and a decreased amount of podophyllotoxin in the studied cell lines (Figure 3 ).
We did not observe a statistically significant change in the DW and the pH values due to the elicitor presence or the growth of the cultures (data not shown).
Although elicitation is a well-known practice to enhance the production of target metabolites, the success depends on the experimental setup, the plant species and elicitor applied. To our knowledge, the majority of elicitation studies in the genus Linum were performed on L. album cultures. Our results are in accordance with the data reported by Fuss [15] and van Furden et al. [16] , suggesting that low-producing flax cell lines are more likely to increase their podophyllotoxin production upon MJ elicitation. Only one study reported the use of SA as an elicitor [17] , although our findings are contradictory. Further experiments are necessary to elucidate if MJ and SA exert truly an antagonistic effect in podophyllotoxin biosynthesis, as well as to resolve the involvement of key factors like plant species, cell line and experimental approach.
